INTRODUCTION
Although it is generally accepted that sensory system function declines substantially in old mammals, recent literature indicates that the sense of taste might be unique in this regard, at least at the level of the receptor organ and peripheral gustatory innervation. Whereas past studies had reported that taste buds or papillae on the tongue are reduced in number in old humans and mice, the investigations were characterized by various limitations .I,* For example, cadaver material was used without information on medical history to exclude pathology.M Taste buds were examined in partial rather than entire papillae.' Taste bud or papilla density was measured in tissue that increased in size with age; obviously, with increasing tissue size, receptor organ density declined, but conclusions were made about loss of taste organs.6 In virtually all of the past work, descriptive measures were used to report data and derive conclusions without the application of statistics.H More recent studies demonstrate that number and basic structure of taste buds and papillae are well maintained in healthy old animals, and that peripheral taste nerve function is also maintained. These recent investigations are discussed in this chapter. It will be apparent throughout the discussion, however, that studies of age-related differences in the biology of the taste system are limited in scope and number. Such limiting factors place major constraints on the extent to which broad conclusions can be made about the gustatory sense in old animals. The studies discussed in this paper are based on investigations of taste buds on the tongue. Lingual taste buds are located in three basic papilla types-fungiform, circumvallate, and foliate-and the distribution of these papillae varies across species (FIG. 1) . Within each type of gustatory papilla, taste buds are located in a characteristic manner, and some papillae have associated glandular tissue (see This work was supported by Grant NS 25825 from the National Institutes of Health. Miller9 for more detail on these points). Because the differences in distribution and structure of taste buds and papillae are associated with differences in taste function, knowledge of possible changes in all taste organs will be necessary for an eventual, complete picture of the taste system in old age.
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STUDIES OF TASTE BUD NUMBER AND ANATOMY IN AGED ANIMALS
Human
The first modem study to quantify numbers of taste buds on the tongue of humans across the life cycle focused on examination of buds in fungiform papillae of individuals aged 2 days to 90 years.I0 Papillae were collected from cadaver tongues within 5 to 12 hr after death caused by traffic accident or sudden cardiac infarction. No tissue was included if there was a medical record of significant pathology. Numbers of taste buds per fungiform papilla varied widely, and there was no significant correlation between subject's age and number of taste buds.
More recently, Miller9.1i has studied tongues taken at autopsy from subjects aged 22 to 90 years at time of death from acute trauma or acute cardiovascular episode. Fungiform papillae were dissected from specific tongue regions, and all taste buds were counted. Data were expressed in a taste bud density measure for each tongue region. There was no significant decrease in taste bud density with advancing age. The investigator, however, emphasized the extensive variability across subjects for this measure. He concluded that longitudinal studies of taste buds in papillae during an extended period of the life span might be necessary to firmly establish whether there is relation between age and taste bud number.
Rhesus Monkey
The most comprehensive quantitative studies to determine whether taste buds decrease in old age are those in young and old rhesus monkey^.'^+'^ Tongues obtained at sacrifice from monkeys aged 4 to 31 years were provided by the Aging Monkey Tissue Organ Resource Study of Washington State University. Taste buds were counted in fungiform, circumvallate, and foliate papillae. Thus, these data provide a complete picture of taste buds in all gustatory papilla types on the tongue.
There was no significant difference with age in average number of taste buds in fungiform, circumvallate, or foliate papillae (FIG. 2) . Nor did the relative distribution of taste buds on the tongue differ with age; that is, the percentage of taste buds in various types of papillae, relative to total taste buds, remained stable. Finally, taste bud diameter did not differ significantly across age groups for any papilla type. 
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These data present a remarkable picture of anatomical stability for taste buds on the primate tongue from young adult through very old age. Interestingly, anatomical integrity is maintained even though there is a noticeable alteration in tongue topography in some of these animals.12 For example, tongues from five of the six oldest animals, aged 24 to 31 years, had anterior tongue pathology. The tongue tips were scarred or atrophied, and in one monkey the entire tongue was absent anterior to the lingual frenum. The origin of this lingual damage in older monkeys was not obvious, but social interactions or contacts with very cold surfaces when animals were outdoors in the winter could have played some role.
Rat
Quantitative studies of taste bud number have also been made in old rodents. Taste buds in all fungiform papillae on one half of the tongue and in serial sections of the single circumvallate papilla were counted in tissue from young (5-7 months) and old (23-24 months) Wistar-derived rats.14 The animals were from the Gerontology Research Center, National Institute on Aging, Baltimore, and the mean life span of animals in the colony was about 24 months (50% mortality). Average numbers of taste buds in circumvallate papillae from the young and old age groups were 460 and 473, respectively (FIG. 3) . Thus, there was no decrease in taste buds with age, and no significant difference in taste bud diameter. Furthermore, at the light microscopic level, taste buds were morphologically similar (FIG. 4) .
Taste buds were also maintained in fungiform papillae. The rat typically has one taste bud per fungiform papilla. In young rats, 99% of all papillae had a taste bud-in old rats, 98%. At the light microscopic level, there was no evidence of structural deterioration of the taste buds (FIG. 5) . Animals from this same colony had significant changes in various characteristics of the submandibular salivary gland by 23 to 24 months,I5 so the rats were not free from age-related biological differences in the oral cavity. Taste buds in fungiform papillae have been counted in Fischer 344 rats. The rats in this strain were aged 4 to 6 months, 20 to 24 months, and 30 to 37 months, and were obtained through the National Institute on Aging.16 All papillae on onehalf of the anterior tongue were examined in serial sections; the presence or absence of a taste bud for each papilla was noted; and each taste bud found had its diameter measured. Average percentages of papillae that contained a taste bud were 99.6,99.3, and 94.7% in the three age groups. This is a significant age-related difference, but the actual number of taste buds lost in the oldest rats was small. The maximum loss in any animal was 18 out of about 180 taste buds. It has been demonstrated that denervation and degeneration of major populations of lingual taste buds do not affect behavioral, taste preference/aversion functions in rats." Therefore, one would not predict profound behavioral deficits in rats missing 18 or fewer taste buds.
The locations of papillae without taste buds were not confined to any one tongue area, but were most numerous in areas of greatest taste bud density, as would be expected. Thus, the decrease in taste bud number did not alter the usual distribution of lingual taste buds. Taste bud diameter did not differ with age, and general anatomical characteristics of buds were similar in all groups.
In summary, the recent literature on quantitative studies of tongue taste buds in rats, monkeys, and humans presents converging evidence that the receptor organ of taste bud and papilla is maintained in number, distribution, and structure during the process of aging.
STUDIES OF NEUROPHYSIOLOGICAL TASTE FUNCTION IN OLD RATS
To determine whether taste bud function is maintained in old rats, electrophysiological recordings were made from the chorda tympani nerve, which innervates taste buds in fungiform papillae on the anterior tongue.ls Male and female Fischer 344 rats aged 5 to 7,23 to 25, and 29 to 32 months were studied, and these groups were designated 6, 24, and 30 months, respectively. Taste stimuli included a series of 0.1 M salts (NaCI, LiCI, NH4CI, KCI, MgCI2), two acids (0.025 M citric acid, 0.01 N HCI), 1.0 M sucrose, and 0.04 M quinine hydrochloride. A concentration series of each salt (0.025 to 0.75 M) was also used.
Neural activity was recorded from the whole chorda tympani nerve while chemical stimuli were flowed over the tongue. Summated activity was displayed on a pen recorder, and the height of the pen deflection was used as a measure of neural response magnitude. Absolute response magnitudes were normalized by calculating ratios of the response to each chemical relative to the response to 0.1 M NaCI. Use of NaCl as the standard for calculating ratios allowed comparison with other published response ratios for adult rats.
Across all age groups, taste responses to five salts, two acids, sucrose, and quinine hydrochloride were maintained at substantial magnitudes (FIG. 6) . Taste responses to some of these chemicals, however, differed statistically with age. Relative to NaCl, responses to NH4CI increased and those to MgClz decreased. Relative responses for citric acid decreased with age, and those for sucrose increased. Response ratios for HCI differed when data for either sex were analyzed separately. Response ratios for LEI, KCI, and quinine hydrochloride did not differ with age.
Although the age-related differences in response ratios for NH4CI, MgC12, sucrose, citric acid, and HCI were statistically significant, they were not very large. The largest difference was that observed for sucrose ratios, which nearly doubled between 6 and 30 months (FIG. 7) . Therefore, it seems that the peripheral taste system functions well in old rats, and that the differences in taste responses are not large.
Examination of responses to a range of concentrations for the five salts also demonstrated that taste function is maintained in old age. There were no signifi- cant differences in the shapes of the response/concentration functions for NH,CI, KCI, MgClz, or LiCl (FIG. 8) . Functions for NaCl were significantly different, however, because the curve for responses in the 6-month rats was steeper than the curves in 24-or 30-month animals. These data suggest that the small, but T=]
;;-/4: , ' , significant, differences in response ratios for various chemicals might derive from differences in responses to the standard chemical, NaCI, with age.
To learn whether responses to NaCl in fact decrease with age, it will be necessary to conduct a study of responses from single chorda tympani nerve fibers. Data on responses from single fibers can demonstrate whether there is a
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decreased response frequency to NaCI, a decrease in proportion of fibers that respond well to NaC1, or both. For initial studies on the taste system in old animals, however, it was important to use whole-nerve recordings to record responses from the innervation to a large population of taste buds and learn about general response parameters of the system. . Ratios of responses to NH,Cl and sucrose, relative to the response for NaCI, in rats from 7 days through 30 months of age. The decline in early response ratios was fit by a power function for each chemical; the line describing this function has been extended to 30 months. The declining function for response ratios that describes early development, however, actually increases over adult to old ages. Note the magnitude of the age-related differences in early development compared with the magnitude of those in old age. From McBride and Mistretta.l* Additional perspective on the magnitude of the age-related neurophysiological differences in Fischer 344 taste responses can be gained by comparing data on old rats with data on young, developing rats (FIG. 9) . During early development, the response to NaCl increases relative to the NH4CI response. Therefore, NH4CI/ NaCI response ratios decrease. Note that this change is opposite in direction from that observed in old Fischer rats. The magnitude of differences in early development compared with the magnitude of those in old age is striking. For example, although NH4CI/NaCI ratios decreased by more than 450% from 7 to 50 days (postnatal), they increased by only 19% between 6 and 30 months.
SUMMARY AND CONCLUSIONS
In summary, the recent data from quantitative studies of taste buds in old humans, rhesus monkeys, and rats complement neurophysiological data on taste responses from aged rats and lead to the general conclusion that the peripheral taste system is maintained structurally and functionally across the life span. Although some statistically significant differences were observed, the magnitude of these differences would not lead one to predict altered taste preferences or feeding behavior in old animals.
The robust nature of the peripheral sense of taste in old age appears to be in sharp contrast to other sensory systems. Not only do receptors alter with age, but accessory organs, such as the lens in the visual system, also alter structurally so that sensory function is compromised. One factor contributing to maintenance of the receptor organ of taste bud and papilla is the turnover and replacement of taste bud cells and surrounding epithelial ~el1s.I~ Recent studies in aged mice indicate no differences in turnover time in epithelial mucosa lining the mouth.20 There are no data on turnover time, however, for taste bud cells or for gustatory papilla epithelium in old animals. Alterations in taste bud cell or membrane receptor turnover could affect function.
In other cell types and receptors, age-related differences in membrane lipids, proteins, and fluidity characteristics are reported.21 Membrane changes such as these are proposed to account for age-related differences in response properties of the system of cardiac muscarinic receptors,22 a system in which density of receptors does not alter. The small, but statistically significant, differences in neurophysiological responses to taste stimuli from the chorda tympani nerve might well relate to age-related differences in membrane receptors.
Not only is there an absence of data on turnover time or membrane characteristics for taste bud cells in old age, but there are no observations on the ultrastructure of taste buds in old animals. The taste bud is a complex structure, composed of many cells and different cell types, with a specific orientation and access to the oral cavity via the taste pore, and with extensive associations with the innervating afferent fibers (FIG. 10) . Ultrastructural observations could provide information on changes in synapses and other nerve/cell contacts-in microvilli and taste pore structure, and in numbers of various cell types within the bud. Such data will be essential to understanding the nature and extent of age-related alterations in the taste system. Furthermore, it is important to remember that all observations on the biology of the aging taste system have been made on lingual taste buds. There is an extensive literature about the structure and function of taste buds on the epiglottis2)-28 and about the neurophysiological responses from taste buds on the soft palate of rat.29 Yet there are no publications about taste buds on the soft palate or epiglottis in aged animals. Because taste buds in different regions are innervated by various branches of three different cranial nerves, it is necessary to survey taste buds throughout the oral/pharyngeal complex to have a complete perspective on possible age-related differences.
It is possible, however, even with all of the caveats discussed above, to make some general statements about the peripheral taste system and aging. Although there may be as yet undiscovered changes in cell membranes, biochemistry, or ultrastructure within the taste bud, there is no evidence of gross degenerative change in taste buds on the tongues of old humans, monkeys, or rats. Taste buds innervated by the chorda tympani and glossopharyngeal nerves are maintained in old age at numbers comparable to those in young animals. As might be expected from evidence of taste bud maintenance, there are only small changes in neurophysiological taste responses to chemicals on the tongue. Neural responses to various chemicals and to a wide range of concentrations are maintained in old rats.
The taste bud and papilla are parts of a sensory organ that must continually confront a range of materials in the oral cavity, some of which are very abrasive, If there are no substantial changes in peripheral structure and function of the taste system, why are there observed differences in behavioral and psychophysical responses? To the extent that the latter differences occur, they might reflect alterations in the central taste system. Again, there is a large gap in the field because there have been no studies to discern possible age-related differences in structure and function of taste areas in the medulla, pons, thalamus, or cortex.
Clearly, we have only the most rudimentary knowledge of the neurobiology of the sense of taste in old animals. Our understanding of the extent to which the
